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SECTION 1
INTRODUCTION

The application of solar energy for heating a building is becoming increasingly more
attractive as fuel prices increase and the supplies diminish. During cold weather, build-
ings in the Northern states which are heated by gas on a demand basis must shift to hard-
to-obtain alternate fuels or pay a high gas rate. These buildings are ideal candidates for
supplemental heat supplied by solar powered systems.

The program described in this report demonstrates the ability of solar collectors to sup-
plement the heating and hot water requirements of North View Junior High School in
suburban Minneapolis. The program is obtaining engineering data which may be used to
improve collector performance and system performance or design. [n addition, data are
being compiled which may be used to define investment requirements for similar installa-
tions. The program is also helping to determine community acceptance of solar heated
school buildings. i

The basic rationale for the program is the necessity of obtaining firm answers in three
areas: 1) validation of system pertormance, Z) determination of overall system costs,
and 3) acquisition of data to determine the benefits of such a system.

Only by actually constructing a solar heating system and full scale testing can good engi-
neering data be obtained to compare with analytical predictions. Further, testing the sys-
tem in conjunction with its actual use in a functioning building will provide real-time

inputs not envisioned in simulation or other artificial test environments. The testing
location provides a long, severe heating season with a wide variation of insolation and other
environmental factors.

Fabrication and installation of a solar collector system and its associated heating system
will provide improved cost and technical information on construction techniques and instal-
lation problems not encountered in fabricating a few units used only for engineering test

“purposes. Even more imiportant is the ability to'define the costs and problems associated
with the operation and maintenance of the system. In addition, the nonfinancial costs of
space use and impact on building and community esthetics can be determined.

The most comprehensive and important benefit of the program is the experience obtained
ir actudlly heating and operating a large-scale facility and in obtaining good engineering
daia. Financially the school will benefit in fuel savings principally in the winter from
space heating and in the summer from domestic water heating and swimming pool water

heating.

In January 1974 the Systems and Research Center of Honeywell Inc., under contract to the
National Science Foundation, embarked on a program to design, erect, and test a 5000~
square-foot solar-energy system. Results and conclusions to date are presented in this
report. The report discusses in detail the collector design, system design, system
operation, and system performancé. Testing at the site is continuing on a day-by-day
basis to obtain additional data on system performance and benefits. '
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SECTION II
SITE SELECTION

The solar energy system is located in Minnesota Independent School District No. 279 at
North View Junior High School, 5869 69th Avenue North, Brooklyn Center, Minnesota, a
suburb of Minneapolis. The building is a modern educational facility of about 165, 000
square feet of floor area with swimming facilities, gymnasium, cafeteria, and an array
of various classrooms.

The building statistics for North View Junior High are:

° Total building area 165, 583 square feet
° Total building volume 2,326, 140 square feet
e Total awarded prime and $3,114, 120,00
equipment contract
e Cost per square foot $18. 80
e Site area Approximately 30 acres
° Construction date 1968-69
] Architects Matson and Wegleitner e
e  Student capacity Approximately 1302

Present heating system used in the building is a low-pressure steam system fired by two
gas-fired (with oil standby) combination burners in the mechanical equipment room on the
first floor in the southeast corner of the building. The ventilating and the heating of the

-building is handled primarily through a central ventilating system housed in the equipment

rooms-~one located above the two-story classroom wing and one located between the gym-
nasium and the pool on the roof of the locker room.

The mechanical equipment located on the roof of the two-story classroom wing houses two
central ventilating units through which all the outside air moves via duct work in the
ceilings of the first and second floors of the building. Two large ventilating units in the
mechanical room on the roof have steam coils fed from the steam-fired boilers to temper

ture for these spaces.

The equipment located above the locker room consists of heating and ventilation units for
the pool, gymnasium, stage area and several smaller athletic rooms. These units are
similar to the classroom units and provide tempering of outside air and a thermostatically
operated final temperature modulating coil.

The heating and ventilating control system is pneumatic with the controls operating steam
valves and/or outside air dampers.

The sichool consumes an average of 21, 000 million BTU's annually with usage covering the
summer months. In addition, the facility is used as a community recreation area with
emphasis on sv"vimming pool and gymnasium use during off-school hours. This large con-
sumption of energy in a building with such diverse usage enables a solar collector system
co' provide almost year-around usage.

9
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. the outside air to 60 degrees. Reheat coils thermostatically operated at the point of entry
‘into the various spaces, such as the classrooms, provides the final comfortable tempera- -
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Factors which favored selecting the North View site as the preferred site are as follows:

1) The heating/cooling demand was large enough to require several thousand square
feet of collector. The facility usage was diverse enough to use hot water during
the. summer, thus giving almost year-round use of the solar power.

2) The daily load for the school reasonably matches the availability of solar flux; it,
therefore, requires a minimum of heat Sstorage capacity.

3) Siting is relatively easy because of the abundance of open areas (ball diamonds, etc.)
which assure unobstructed solar inpit. The North View site by placing the collec-
tors in full view of a majcr freeway provides high visibility and is easily found by
visitors.

4) A school system has strong educational and socio/political perspectives which are

seldom found in other institutions,

5) A public school system should be an acceptable institution to be the recipient of a
benefit from a government-funded program, ;

68) The school is a modern energy-conserving building but nevertheless, a large energy
user. It demonstrates a critical need with high visibility to the community.

7) The proposed system does not block school views and is not attached to the building;
therefore, it is not subject to restrictive building codes and the system can zlso be
enlarged if desired.

8) The school system is expected to be relatively independent and unbiased in assessing
system performance.

9) The relative similarity of schools and their usage provides a cornrnonahtv such that
data collected would have broad application, ;

Minnesota was chosen as a good proving ground because:

1) 1t is representative of a low solar insolation particularly during the heating season.

2) The characteristically clear skies accompanying cold snaps promotes the use oi
solar heating.

3) The hecting season is unusually long extending into the spring; therefore, it provides
adequate test time.

4) TFuel costs on a yearly basis are high in Minnesota.

5) Minnesota has a wide annual variation in temperature (-30 tc +95°F) and many daily
variations of 40 to 50°F, thus providing a wide range of technical data.

School personnel are exceptlonally cooperative and enthusiastic about a solar collector
system from an energy saving standpoint as well as the educational benefits of such a
system. Energy conserving measures are a common Practice among the custodians in

- this school district.

Integrating the solar system components with the existing heating and ventilating system
was a reasonable design goal. Ample space was available for storage and piping and
heat exchangers were easily installed. Figure 2-1 is a drawing of the overall school

area.

10
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SELECTION OF SOLAR HEATING AREAS

Upon finalization of the contract, Honeywell personnel along with representatives of
Michaud, Cooley, Hallberg, Erickson and Associates, the consulting engineering firm
who had designed the existing heating and ventilating system, visited Northview Junior
" High School for a preliminary survey of the school's heating and ventilation system. -

Three possible locations for air heat exchangers were found. The first was the heating
and ventilation units for the two-story classroom wing which consisted of two ur'ts moving
36,000 cfm of air each with a minimum of 25 percent outside air. The second was the
gymnasium unit which handles 20, 000 ¢fm with a minimum of 25 percent outside air. The
third was the pool unit which handles 12, 000 cfm with the outside air intake controlled by
a humidistat with no less than 25 percent fresh air. .

The classroom units were attractige from a load standpoint supplying 9000 cfm of fresh
air each, but necessitated running about 300 feet of pipe to these units outside of the
building. This would have required penetrating the building exterior three times and
running pipe vertically up an outside wall, The gymnasium unit was complicated by a
zone-controlled output and mechanical problems in installing heat exchangers. The pool
unit provided the best choice because of ease of installation and the fact that monitoring
the fresh air intake over several weeks revealed that the fresh air intake rarely was less
than 6000 cfm. In addition, the pool air is heated to a temperature of 80 to 82" F. This
represents a load almost equivalent to the classroom heat exchangers (360, 000 BTU /hr
with 22° outside air). W.th 100 percent outside air this unit alone would represent a
reasonable winter load for the solar system,

In addition, monitoring of hot water usage revealed a daily consumption of 2000 to 3000
gallons. This water enters the building at 50 to 60°F and is heated to 140°F. This repre-
sents an energy need of about 1.2 to 2 million BTUs. It was decided to install a water
heat exchanger ahead of and in series with the existing water tank to preheat the incoming
domestic water.
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SECTION III
SYSTEM DESIGN

COLLECTOR SIZING AND DESIGN

The general design of the collectors consists of liquid-cooled steel plates coated with
selective absorbing coatings and enclosed in an insulated steel housing which is covered
by two transparent windows, one glass and one Tedlar. Figure 3-1 is a corner section
of a typical collector. Shown are the glass cover, Tedlar sheet, absorber plate, insula-
tion, and the steel housing with the various structural assemblies.

The outer housing is composed of 18-gauge, cold-rolled steel 36 inches wide, 96 inches
long and 6 inches deep. The housing is formed from a single sheet of steel in a press
brake and welded at the corners. Internal brackets are welded to the housing for absorber
mounting supports. In addition, channels are spot welded to the housing sides for support
of the Tedlar sheet. Four access holes are provided for the plumbing and six additional
holes are for maintenance and installation.

Hat sections of steel are formed and welded to the back of the housing for stiffening and
to provide support for collector suspension on the support structure. Figures 3-2 and
3-3 show the housing design details.

The absorber panel itself is pictured in Figure 3-4. The unit consists of two 25~gauge,
1020 cold-rolled steel sheets 31. 75 inches wide by 46. 5 inches long with flow passages
formed into the sheets. One sheet carries 0.250 inch x 0, 050 inch deep grooves on 2-inch
centers for basic heat transfer flow. The other sheet is formed to provide a 2, 0 inch x 2.0
inch manifold at one end with a 0, 50 inch x 0, 50 inch manifold at the other end. The two
sheets are assembled by spot and seam welding to form a parallel flow panel with large
manifolds and small heat transfer channels. Formed steel tubulations on each corner permit
connection by automotive type hose of a series of panels to form an array of parallel collec~
tors with small vertical heat transfer passages. The design minimizes the effects of
nonuniform flow through the panel assembly. The final design of a complete collector

used two absorber panels assembled within a unit for fabrication conveniences, The two
panels are connected by small hoses between the smaller manifold tubulations and are
attached to mounting brackets by insulating nylon washers. The completed assembly acts
very much like a single.panel. Appendixes A, B and C outline detailed analyses of heat
transfer characteristics, flow distribution and selective coatings for flatplate collectors,
Appendix C also includes discussions of circulation and covers.

Additional design features include a frame which is placed over the outside edges of the
glass cover which is 3/16 inch x 34-57/64 inches x 95 inches tempered glass. A sealant
tape is used on both sides of the cover near the edges. Figure 3-5 shows the frame and
glass assembly. Insulation is 3.5 inches of fiberglass across the back of the collector
and along the sides to reduce edge losses. Figure 3-5 also shows the Tedlar sheets and
frame installed in a typical collector. Figure 3-6 shows a typical assembly step in the
manufacture of the collectors. Collector sizing of 5000 square feet of abgorber area
dictated the fabrication of 246 individual assemblies which were then transported to and
erected on the site.

COLLECTOR SUPPORT

The collector support structure was fabricated from square structural steel tubing 3 inches .
x 3 inches x 3/16 inch. Three rows of support structure 21 feet apart were needed to
support the 246 collectors with each row 256 feet long and divided into two sections for a

14
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total of six sections. Erection of the structure consisted of boring 180 holes on 9-foot
centers and then cementing in place the vertical support members. The vertical members
were then cut to a 55-degree angle. Longitudinal tubes were then welded to the cut posts
forming a pair of rails uron which the collectors could be placed. Additional cross bracings
of 1-1/2 x 1-1/2 x 3/16 angles were added to each pair of posts. Figure 3-7 shows a typical
cross section of a pair of post supports while Figure 3-8 shows the structure with the panels

mounted.

The completed collectors were placed on the rails and moved into position on small rollers.
Hoses were connected at the top and bottom manifolds to complete the assembly. The
structure itself is designed to withstand 90 mph wind loads with the collectors in place.
Figure 3-9 shows the complete solar collector array.

STORAGE TANK

Storage tank sizing was based on storing approximately one day's collection of heat. This
was due to the limited amount of space available for storage capacity. Final design size
was 3000 gallons and the tank was erected within the building from separate 1/4 inch thick
steel sections. Design working pressure is 35 pounds per square inch with burst pressure
at 90 pounds per square inch. The tank is supported on a separate concrete slab which
was poured to accommodate the additional concentrated load. The tank is insulated with

2 inches of rigid fiberglass: Figure 3-10 shows the storage tank installed in the system.

HEAT EXCHANGERS

As previously mentioned, the system uses heat exchangers located in the pool air circula-
tion loop and in the domestic water feedline. These heat exchangers were sized on the
basis of a 10°F rise across the collectors at a flow rate of 80 gpm. The air circulation
system has two heat exchangers--one for heating outside air and the other for heating a
cumbination of tempered outside air and pool return air. These heat exchangers are

four rows, six fins per inch glycol-water to air with a face area of 42 x 111 inches. A
subsequent computer calculation assuming inlet glycol-water at 95°F and nutside air at
40°F showed a mixed air temperature .of 68°F and a glycol-water return temperature of
85°F with an air flow of 12,000 cfm and glycol-water flow rate at 80 gpm. This corre-
sponds to a heat extraction rate of 360,000 Btu per hour. The domestic water heater is

a standard tube and shell heat exchanger and was sized on the basis of a water use which
varies from 100 to 700 gph with a maximum outlet temperature of 140°F. Assuming an
inlet water temperature of 40°F this exchanger is capable of transferring up to 1, 000, 000
Btu per hour. Figure 3-11 shows the two air heat exchangers installed in the system
while Figure 3-12 is the domestic water heat exchanger,

PIPING AND PUMP SIZING

To minimize pressure losses in the system a pipe size of 3 inches was chosen. Total pipe
footage from the collectors through the air heat exchangers back to the collectors is about
1000 feet, Assuming a flow rate of 80 gpm the pressure drop per 100 feet of 3-inch
schedule 40 steel pipe is 0. 687 psi, or 6. 87 psi for the 1000 feet. Each 90-degree elbow
in the system is equivalent to the pressure drop in 3 feet of pipe. For approximately

60 elbows this is equivalent to 180 feet of pipe or about 1.25 psi. Five control valves at
0.7 psi/valve contributes a 3.5 psi loss. The two air heat exchangers in series amount
to 10 psi loss at 80 gpm. The flow meter contributes 1 psi while the collectors nominally
contribute about 0.5 psi. The total calculated loss is about 23 psi. Assuming an 80 gpm
flow of 50-50 glycol-water mixture with a specific gravity of about 1.1 would require an
ideal pump size of about 1.2 horsepower. A 5 hp. pump was selected which would give a
flow rate of 80 gpm at a 32 psi head. This is a centrifugal pump with the capability of

19
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machining the impeller to match the system flow and pressure drops. Subsequent opera-
tion of the system shows a nominal pressure drop of 21 psi in the loop. Figure 3-13
illustrates the pump and its location.

SPECIAL FEATURES

To allow for system fluid expansion (estimated at 232 gallons for a 50-50 glycol/water
mixture from 40°F to 200°F) four 120-gallon expansion tanks were connected in parallel
and installed at the high point in the system. These expansion tanks are connected on the
suction side of the pump at the collector common outlet. The system fluid capacities are
broken down into 3000 gallons in storage, 312 gallons in the collectors, 400 gallons in the
piping and 160 gallons in the expansion tanks. Figure 3-14 shows the four expansion tanks
installed near the air heat exchangers. -

An air separator was installed on the suction side of the pump. This is a vertical air .
Separator and filter combination with the air leaving at the top center of the unit to an air
holding tank located about'10 feet above the Separator. Periodic bleeding of air from this
holding tank is required. -Figures 3-15 and 3-16 show the air separator and holding tank.
Additional filters are installed at each collector row inlet and are of the commercial "Y"
strainer type.

Balancing valves are installed at each collector row inlet as well as shutoff valves at each
outlet. Pressure relief valves are installed immediately after each collector outlet and
are set at a nominal 15 to 20 psi range. Figures 3-17 and 3-19 show the installation of
these components on the system. Figure 3-17 is the collector inlet balancing valve

while Figure 3-18 shows a typical pressure relief valve and shutoff valve,

System insulation other than in the collectors is 2-inch, semi-rigid fiberglass on all
interior and above ground éxterior pipe. The above ground exterior pipe is also covered
by an aluminum protective cover. All underground piping insulation is 2 inches of ure-
thane covered with a waterproof coating. Figure 3-19 shows the above ground pipe with
insulation and associated expansion loop,

SYSTEM LAYOQUT

Figure 3-20 describes the system layout. As previously described, the solar collectors
are divided into six sections with parallel inputs and outputs. The common outputs go
(Figure 3-21) into the building to the air separator-filter combination then through the
pump, flow control valve, and flow meter towards the stc ‘age tank. The flow can be
directed into the top of the storage and out the bottom, into the bottom and out the top or
bypassed around the tank by appropriately switching Valves 1, 2, and 3. After passing
around or through the storage tank, the flow is directed to domestic water heating or to
air heating depending upon the position of Valve 5. When directed towards air heating,
Valve 4 determines if the return air heating coil will be bypassed. After passing Valve 5,
the flow is directed to or around the collectors depending upon the position of Valve 6.
The domestic water is directed around or through the heat exchanger depending upon the
position of Valve 7. In addition there is a manual bypass installed in the domestic water
line in case of a malfunction in ¢the heat exchanger. An additional line from the heat
exchanger output to the pool or drain is provided for emergency extraction of heat from
the collectors. :
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CONTROL SYSTEM

The system incorporates Honeywell pneumatic controllers and valves. Figure 3-22 is a
typical three-way modulating valve. The valves are actuated either manually from control
switches on the control panel or automatically if the valve switches are set in the auto-
matic mode. Pneumatic temperature readouts are provided on the panel for approximate
visual reference to temperatures. The control panel itself is a schematic layout of the
plumbing system with valve swiiches locations corresponding to actual valve locations.
Figures 3-23, 3-24, and 3-25 illustrate the control panel layout.

An zutomatic controller is incorporated into the system and provides for high-terhperature
protection of the collectors when the system is left unattended or when it is desirable to

collect energy in a limited way during weekends or periods of low energy consumption.
Figure 3-26 shows the automatic temperature controller installed on the panel.

49

30 41434



Figure 3-22. Three-\W:

41434

1§

[t

ERIC

Aruitoxt provided by Eic:



O

Aruitoxt provided by Eic:

E



-

51

FEPIE

ERIC

Aruitoxt provided by Eic:



52



Y Ar U SR LN OO N LR SR S FREE TR B

ERIC

Aruitoxt provided by Eic:



(85 WV

AR LA

gu

v

Q

Aruitoxt provided by Eic:

E






56



. SECTION IV
) SYSTEM OPERATION

START UP AND COLLECTOR BYPASS

To place the system in operation the pump switch is placed in the "'on'' position, This
activates the pump through a pneumatic-to-electric interface. Flow is either bypassed
around the collectors or through the collectors depending upon the position of the collector
bypass switch (Valve 6). The automatic position on this switch allows for future applica-
tion of a control input which would sense the temperature rise across the collectors and
bypasses the collectors if this rise is less than a value to be determined by system

testing.

From the discharge of the pump, flow is routed through a flow control modulating valve
which is controlled from the flow control switch. The flow can be effectively varied from
about 30 gpm to a maximum of 100 gpm. The flow rate is measured by a meter which
provides a digital output which is converted to an analog output and displayed on the con-

et .trol panel.

TANK FLOW

Flow around or through the storage tank is controlled by the two tank switches (Valves 1,
2 and-3). Proper positioning of these switches allows flow to be bypassed around the tank
in one of two directions or to flow through the tank entering at either the top or bottom of
the tank. Selecting the routing is presently a manual function and is determined by opera-
tor judgment. IMormal operation to charge the storage tank would route flow from the
collector to the top of the tank while discharging the tank would require flow to be taken
from the top of the tank returning to the bottom. Overnight tank stratification is about
20°F between the top and bottom of the tank and remains stratified from 10 to 12 minutes
with a flow through the tank of 80.gpm... Lower flow rates would of course result in longer

stratification periods.’ ;

The present modes of operation provide for collected heat to be used in domestic water
heating, pool air heating or storage tani: charging, as well as discharging the tank for

air or water heating. The choice of tank charging in series with water or air heating is
left with the operator. The flow is routed from the tank area to either the air heat
exchangers or water heat exchanger through the position of the heat exchanger mode
switch (Valve 5). From this valve, the flow is directzd back to the collectors or bypassing
the collectors depending upon the position of the collector bypass switch.

AIR HEATING

During operation of pool air heating, the flow is directed through the reheat and fresh air
coils or through the fresh air coil alone depending upon the position of the coil control
switch (Valve 4). When the valve control is in the automatic position flow is routed
through both coils if the pool thermostat is calling for heat. However, if the glycol/water
temperature is less than the mixed air temperature, an override controller will auto-
matically bypass the reheat coil and route flow only through the fresh air coil. If the
pool air becomes overheated, an override control is provided which controls the heat
exchanger 'mode switch and would direct flow to domestic water heating. .

If the solar system does not provide enough heat to satisfy the pool space h'é:é‘t‘ing require-
ment a sensor in the air leaving the reheat coil will act through two controllers to controi
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two steam coil valves. If this air temperature is :nore than 35°F, both steam valves will
be closed. When the air temperature falls to *5°F ore steam valve will open, below 20°F
both will open. A modulating space thermostai will pogition a valve on a third steam coil
to control the pool air temperature. There is also a low limit discharge controller which
prevents discharge air from falling below 65°F.

The air circulation system is provided with dampers which operate in pzrallel across the
_return air and fresh air ducts. When one opens, the other closes a like amount assuring
a constant air flow in the system. The relative position of the dampers is set by setting
a minimum fresh air opening (25 percent by state law. during occupied periods). A pool
humidistat can override the minimum setting to allow more fresh air intake to reduce the

relative humidity in *he pool area.

When the building is unoccupied (night setting) the fresh air damper is closed and the space
thermostat will cycle the supply fan to maintain the desired temperature. During this
period if the relative humidity increases above the humidistat set point the fan starts and
the fresh air damper opens to control the humidity level.

DOMESTIC WATER HEATING

During the operation of domestic water heating, incoming water is preheated by the sys-
tem heat exchanger before entering the domestic hot water storage tank. The water
heating control valve has an automatic position which will modulate the water temperature
from the exchanger around a predetermined 145°F set point. An additional automatic
function prevents glycol from flowing through the heat exchanger when the glycol tempera-
ture is less than the incoming domestic water temperature and also if it is below the
freezing point of water. When there is insufficient solar heat the conventional steam
supplied heat exchanger will supply the additional heat required.

HIGH-TEMPERATURE PROTECTION

High-temperature protection of the collectors is provided by the automatic controller
shown in Figure 3-26. This controller has an adjustable high-temperature set point
which is presently set at 175°F. A thermocouple located on the back of an absorber plate
is the input signal to the controller. When this plate temperature reaches the set point
temperature, the pump is automatically started and the collector bypass valve is opened
to collector flow regardless of the valve switch position. As flow circulates, the plate
temperature will irnmediately start to drop and would norinally shut off the pump. How-
ever, a time delay currently set at 15 minutes continues the pump operation to assure
that the hot fluid in the collectors is circulated into the building for dissipation in either -
domestic water heating or storage. Dvuring day-long operation in this mode the thermal
capacity of the system will prevent the plate temperature from dropping below the set
point and the time delay automatically resets and circulation continues. If all system
heat requirements are satisfied and the temperature continues to rise, then the emergency
dump valve will open and dump water to either the swimming pool filter tank or down the
drain depending upon the pool water level. This dumping procedure will not occur until
the collector water temperature reaches an adjustable set point of about 185°F.

Figure 4-1 is a complete schematic of the pneumatic control system. This schematic
shows all the pneurnatic and electrical control devices used in the control system.
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'SECTION V-
INSTRUMENTATION

TEMPERATURE MEASUREMENTS

Temperature measurements are accomplished with the use of stainless steel sheathed
copper-constantan thermocouples located at important points -of the fluid and air as well
as selected points on'the collectors. There are additional access points throughout the
system for additional temperature measurements should they be needed. For example,
each bank of collectors has an access port at the inlet and outlet. All thermocouple
access ports incorporate a special Viton sealed plug which permits the insertion and
removal of thermocouples by simply pulling the thermocouple out of the port. The plugs
are self-sealing upon removal of the probe. Thermocouple locations are shown in
Figure 5-1.

Temperature recordings are accomplished with the use of a 24-channel recorder with
selectable channels. During operation of a particular mode only those thermocouples
needed to evaluate that mode are selected.

ENVIRONMENTAL MEASUREMENTS

Wind speed and direction are measured using a remote sensor and recorder while solar
radiation is monitored with a Kipp and Zonen pyranometer installed at the collector plane.
The radiation is recorded instantaneously and autcmatically integrated. Figure 5-2
shows the wind speed and direction sensor as well as the pyranometer while Figure 5-3
shows the recording instrumentation. All measuring instrumentation and recorders were
calibrated at Honeywell's instrumentation laboratory.
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Figure 5-2. Wind Speed, Wind Direction Sensors and
Pyranometer Locations
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SYSTEM PEI?GRMANCE

OPERATIONAL MODES

The present operation is regulated by manually selecting various modes, although the
safety features such as the prevention of collector overheating will override other func-
tions. The manually selectable modes are:

Solar collector to fresh air heating coil

Storage tank to fresh air heating coil

Solar collector to fresh air and mixed return air heating coils

Storage tank to fresh air and mixed return air heating coils

Solar collector to domestic water heating

Solar collector to storage tank

Storage tank to domestic water heating

Solar collector to storage and domestic water heating

In addition it has been possible to heat the pool water by supplying hot make-up water to
the pool filter tank. This tank is part of the pool recirculating loop and the incoming hot
water is mixed with the pool water during the filtering process. ‘The pool recirculating

flow rate is 600 gpm so adequate mixing occurs before the water enters the swimming

pool.

The basic objectivés of the tests so far have been to evaluate the total system rather than
individual components. However, the total system tests do yield insights into the opera-
tion and performance of individual components.

Initial collector operaticns were used primarily to obtain informa tion on the operation of
the system. That is, Wwith given ambient conditions, solar intensity and school heating
demands the modes of operation that would best match the load to collected energy were
determined. The results of these preliminary tests showed the following:

1) Operator selection of heating modes is adequate for specialized testing but

: inadéguate for maximizing the amount of energy distributed to the school.
For example, if collector to air heating is sufficient for early morning
hours, the operator can not adequately determine when such an operation
should cease and another begin due to steadily increasing solar radiation
along with a decreasing heat load coupled with long transport delays (15
minutes).

2) The domestic water heat exchanger capabilities were not being maximized
‘because heating of water would occur only during domestic water usage.
Hence, going to a domestic water heating mode would not provide an ade-
quate load for the system during low usage hours.

3) Varying heat demands from pool air heating and water heating necessitates
using an automatic control system which would provide heat to areas on a
priority basis. Hence, air heating demand is first; if this is satisfied, then
domestic water heating is used. The present control system is not designed
to be operated on a two or three mode simultaneous operation but all control
values necessary for this operation are installed.
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4) Emergency control functions to prevent collector overheating work quite
satisfactorily. Considerable time was spent in checking out their function.
Initial tests showed that collector running time when the high-temperatuse
set point was reached was not adequate to extract heat from the collector.
An additional time delay was installed to increase this run time to 20
minutes. Sensing of collector temperatures by sensing absorber plate
temperatures appears to be an adequate input to the automatic controller.

5) When ambient conditions are above 70°F with high incident radiation, the
system load is not adequate for efficient operation except for random periods
of domestic water use.

The installation of the collector and test instrumentation checkout was completed during
early May 1974, From then until this report was written the following specific tests
were conducted:

Direct heating of domestic water from the collector

Charging the storage tank from the collector

Discharging the storage tank for domestic water heating

Discharging the storage tank for pool air heating

In addition to these tests, which were conducted on a day-long basis without changing
the test mode, several multi-mode operations were conducted. These would include
heating pool air until approximately 11:00 a. m., switching to domestic water heating
over the high-demand noon period, and then completing the day by pool air heating and
tank charging,

Figures 6-1 through 6-4 are typical curves of data compiled on day-long tests of the
modes previously metnioned. This data is representative of several operations under

each mode,

. Figure 6-1 shows domestic water heating from the collector on June 12, 1974. The
average values are: :

Average incident energy - 1,179,680 Btu/hr
Average collected energy - 670, 000 Btu/hr
Average efficiency - 57 percent-

This data represents what efficiency can be obtained by adequately matching the load to
the incident radiation. Dromestic water was used in this case to supply heated make-up
water to the swimming pool area after a pool shutdown period.

Figure 6-2 shows storage tank charging from the collectors, Total incident energy was
7,114,229 Btu's while total collected energy was 2, 767, 601 Btu's for an average effi-
cency of 39 percent, Note that the outlet temperature from the collectors is at 184°F at
3:30 PM. Considerable energy is still available in the thermal capacity of the system.

If an adequate load could have been used from 3:30 PM until the outlet temperature had
returned to its initial starting teinperature, the average efficiency would have increased,
Further testing to obtain this information is being formulated,

Figure 6-3 is domestic water heating from the storage tank. This operation consisted of
a test performed on an additionai circulating loop placed betweenthe domestic water
storage tank (3000 gallons) and the solar system heat exchanger providing a continuous
flow of 8 gpm. Total hezt lost by the glycol-water storage tank wx¢ computed at 643, 250
Btu's while that gained by the domestic water was 618, 250 Btu's. T u& 24,5060 Btu's
difference is due to heat losses in the piping and averaging of st:1age tank teraperature.
The error corresponds to less than 1°F based on storage tank capacity.
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Figure 6-4 shows pool air heating from the storage tank. Fresh air heating without the
return air heating coil was used, The operation was terminated at 3:00 p. m. due to
pool air overheating caused by a malfunction in the control system.

Appendix D illustrates the methods used to calculate the amount of energy, eificiency,
and system performance parameters,’ '

Figures 6~5 through 6-13 illustrate typical data curves for several days during the month
of July 1974. Summer modes consisted of doraestic water heating from the collector and
syste.n storage. OStorage discharge was accomplished at night using the recirculating
loop recently irstalled. This loop provides for continuous recirculation between the
domestic water storage tank and the solar energy domestic water heat exchanger. Solar
rollecter heating of school space has not been accomplished on a regular basis due to
lack of heat demand.
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Fizure 6-5. Solar Collector Data, Necrthview Junior High School,
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Figure 6-10, Solar Collector Data, Northview Junior High School,
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Figure 6-13. Solar Collector Data, Northview Junior High School,
Minneapolis, Minn., July 31, 1974
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SECTION VII
COST ANALYSIS

The costs of the solar system assembly subtasks -are tabulated below. These costs do not
include engineering labor. All work outside of the collector assembly work was com-
pleted under fixed-price contracts with outside vendors. Some of these vendors were
other Honeywell divisions. The costs reflected below include materials and labor which
are difficult to separate on fixed price contracts to outside vendors.

Under the time constraints imposed by the contract and the usually higher costs of a
prototype system the costs listed below would not reflect the costs of a similar system
installed using the knowledge gained from the installation of the North View project and
production techniques aimed at lowering collector costs.

_Item . Cost_
Collectors (5000 square feet) $98,600. 00
Plumbing (includes manual valves, insulation, 63,782. 00
pipe, fittings and labor)
Structure (materials and labor) 8, 000. 00
Components (heat exchangers, pump,
expansion tanks,. air control) 4,500, 00
Storage tank and pad 6,330.00
Control system (panel, valves and controls) 12, 000. 00
Instrumentation ) 4,878.00 °
Electrical ) 1,300.00
Antifreeze 3,520.00
Fencing, painting and air filters 4,100. 00
Collector installation 4,200.00
 Total ' ‘ $211,210. 00
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SECTION VIII

CONCLUSIONS
Supplemental heating of large commercial buildings using solar energy is feasible. This
concept is being demonstrated by the implementation and testing of a large scale (5000

square feet)
heating. Th
ambient conditions and building demand.
system operation up to this time are:

(1)

(2)

(3)

(4)

(5)

(6)

Optimum system performance can only be realized if the building heat
demand matches the optimum operating conditions of the collector array.
If demand is low, system efficiency decreases due to higher collector
inlet temperatures.

Instantaneous data values used for system evaluation are nearly mean-
ingless due to the inherent thermal capacity of the system and the large
time delays (10-15 minutes) associated with fluid transport times. Inte-
grated values of incident radiation and collected energy over a specified
time period should be used to evaluate system performance. '

Fully automatic operation of large-scale collector systems is essential
for successful acceptance of these systems. Control functions should
be designed such that their operation approaches the simplicity of
present-day modern heating and cooling facilities. Data for designing
such a control system are presently being accumulated and specific
recommendations will be made from these data.

System installation did not present any special problems which could not
be handled with present-day construction practices. Simpler designs
for collectors, storage and plumbing will become apparent as experience
is gained from the use and maintenance of the system.

Collector designs should incorporate as few interconnections as possible

flat plate collector array for supplemental air heating and domestic water
e system is capable of supplying up to 4 million Btus per day depending upon
Specific technical conclusions resulting from

to minimize installation costs and leakage points. For the high-temperature

operation necessary for absorption type air conditioners, the collectors
should be designed to operate under moderate pressures in a closed sys-
tem. Design features should also include a provision for high-temperature
control in the event of low usage of incident energy or collector circulation
failure.

System operating costs consist of the pump costs of about $. 09/hour of
operation based on $. 03/kilowatt hour plus operator attendance. Presently

" this time is minimal (manual mode selection) but can be eliminated with

fully automatic control.

iaintenance of the collector array has consisted of the replacement of
«hire< sheets of glass at a cost of $80. 00/sheet including labor plus the
eliminiation of leaks from rubber hose interconnections. These connec-
tions have proved to be a consistent source of leaks but design changes
and hose replacement procedures will eliminate the leakage problem.
Maintenance of leaks has amouted to approximately four man-hours/
week.

(i
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(8)

(9)

Three absorber panels have been ruptured due to overpressurization

of the system, These ruptures occurred at about 25 psi panel pressure
and were directly attributed to operator error. Design consideration
should be given to higher safety margins for pressure operations.
Replacement of ruptured panels has amounted to six man-hours per panel.

The addition of a heat exchanger to heat pool water should provide an
adequate load for summer operation. The pool presently loses. about
1,250,000 Btus/day with the boiler plant inoperative, i

This study has provided a number of answers to system design problems and continued
accumulation of data regarding system performance and maintenance will provide addi-
tional information for future system design.

41434
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APPENDIX A
FLAT PLATE COLLECTOR THERMAL ANALYSIS

Performance prediction of a flat plate collector design requires an accounting of all heat
flow paths by which energy may enter and leave the collector. This accounting includes
the calculation of the radiation absorption in the solar spectrum, the radiation losses in
the infrared, the natural convection between inclined parallel plates, external natural or
forced convection from inclined plates, and heat conduction and heat transfer by forced
or free convection to the collector fluid. Analytical correlations which apply to these
processes in varying degrees are available in the heat transfer literature. Caution is
necessary in the use of these relations since conditions such as transient solar flux, non~
uniform surface temperatures, end-effects, temperature-dependent thermophysical
properties, large-scale free-stream turbulence, and combined forced and free convec-
tion may invalidate the predictions.

The published literature on the analysis of solar energy collection dates from the 1880's;
one of the well known treatments . of solar energy collection is the work of Hottel and
Woertzl in 1942. Hottel and Whillier2 in 1958 and Bliss3 in 1959 presented certain plate
efficiency factors, the use of which simplifies the calculation of the collector perfor-
mance. While reducing the amount of labor involved, the procedures in the literature
are not entirely satisfactory for a detailed design optimization. The principal failure of
these methods is their inability to treat adequately the transient condition. A second
drawback lies in the method of handling the effects of a non-uniform temperature distri-
bution in the flow direction in the absorber and other components. While the derived
efficiency factors partially account for this effect, the variation of the radiation and
convection heat transfer coefficients along the surfaces is not included in the analysis.

A factor of major importance in the analysis and design of a solar collector is the time-
varying nature of the collection process, the incident solar flux variation from zero to a
daily maximum every 24 hours. In addition, short~term fluctuations due to variable
cloud cover occur during the day. A comprehensive analysis of a collector must con-
sider this time-dependent solar input to adequately predict the thermal performance.

The computer program for the analysis of the flat plate collector does consider the
transient condition and the non-uniform temperature distribution. One of the inputs to
the program, in addition to all pertinent geometrical and environmental parameters, is
the solar flux and incident angle. The flux and angle may or may not be a function of
time, depending on the desired result. The instantaneous and average performance may
be calculated by inputting a daily record of solar flux and incident angle. The time con-
stant of the system may be obtained from an analysis of the response to a sudden incep-

tion of solar flux.
The flat plate program was developed with the following goals:

e The transient nature of the problem must be adequately treated.

1H. C. Hottel and B. B. Woertz, "The Performance of Flat Plate Solar Heat Collectors, '
Trans. ASME 64, 91 (1942),

2H.C. Hottel and A. Whillier, Trans. Conf, on the Use of Solar Energy, Vol. 2,
Part I, p. 74, Univ. Arizona Press (1958)

3R. W. Bliss, "The Derivations of Several "Plate Efficiency Factors" Uscful in the
Design of Flat Plate Solar Heat Collectors, " Solar Energy 3, 55 (1959)
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e The effects of non-uniform temperature distributions must be considered.

o The system energy balance and efficiency must be calculated on an
instantaneous as well as on a daily basis,

e The input routine to the program must be able to handle conveniently a
wide variety of geometrical and environmental parameters., -

° The output routine must provide temperatures, temperature rates,
heat flows, heat transfer coefficients, etc., to provide good physical
insight into the thermal performance,

e The output routine must produce an overall summary of collector
performance in the form of a system energy balance.

The following paragraphs describe the computer program; sample calculations are
presented for Lypical summer and winter days. ,

PROGRAM DESCRIPTION

This appendix presents a short description of the analytical procedures and the main
features of the program,

To treat the transient condition and the non-uniform temperature distribution, the
collector is arbitrarily subdivided into a number of physical elements called ''nodes. "
A typical subdivision is indicated in Figure Al,

The effect of the fluid temperature from inlet to outlet is best examined by the indicated
subdivision. The temperature of each node is computed as a function of time using the
straightforward, explicit method in which the temperature rate change of node' i is
related to its present temperature and the temperatures of the neighboring nodes jby
&
dTi
Ci_d_t—_ = ? Kij (Tj -Ti)+Si

where C; is the heat capacity of node i, Tjis its temperature, dT;/dt is its rate of
temperature change, Tj is the temperature of node j, and Sj is the solar heat absorption,
The coupling coefficients, K;;, called conductances, depend on the heat transfer mode
and, in general, on the tempgrature. ' : ' '

There are M such equations, one for each mass element, and the solution of these simul-
taneous, nonlinear, first-order, ordinary differential equations yields the temperature
history at M discrete points throughout the collector. Since the temperature of each node

- is assumed to be given at some initial time, to, the rates (dTi/dt)t=to are given and the

temperatures at to + At are obtained by

dTi
Ti (to + At) = Ti(to) + T At

t
o

Then the rates at t_ + At can be calculated and the procedure is repeated until the
desired time range”is covered.

Solar Absorption

The solar input (Sj) to each element is obtained by an analysis of the reflection, trans-
mission, and absorption of energy in the solar spectrum by a system of N covers over

an absorbing surface. This analysis has been carried out taking into consideration the
two components of polarization, the reflection of each cover-air interface, the absorption
of each cover, and the absorption and reflection by the absorber. The program is then
able to treat the four important combinations of specular and/or diffuse conditions:

41434 56
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PLATE-TUBE COLLECTOR
TRANSPARENT COVERS

Figure Al. Flat Plate Solar Collector -

Direct solar flux with specular absorber
Direct solar flux with diffuse absorber
Diffuse solar flux with specular absorber
Diffuse solar flux with diffuse absorber

The program analyzes the reflection, absorption, and transmission of the direct and

and diffuse components of the incident solar flux separately and then combines the results
to cbtain the total heat absorption. The effects of specular versus diffuse absorbers may
be examined.
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Heat Losses
The absorber loses heat to the environment by: .

® Emission of energy in the infrared spectrum and subsequent
absorption, transmission, and re-emission of this energy by
the cover system '

e Convection of energy to the adjacent cover and subsequent
radiation and convection of the energy by the cover system

e Conduction through the layer of insulation on the rear surface
of the absorber )

® Conduction, convection, a nd radiation from the absorber to the .
side walls of the collector

The final heat rejection to the environment is by convection and radiation from the
external surfaces of the collector.

Heat transfer correlations exist in the literature which apply to the above cases. As
pointed out earlier, caution must be exercised in the use of the published results due to
the fact that the actual physical conditions may not correspond to the ideal conditions
under which the correlations were derived. : .

Heat Transfer to Collection Fluid

The purpose of the solar collector is to add heat to a working fluid which may be liquid
or gas. The present version of the computer program assumes an integral .tube-plate
absorber with parallel flow tubes. The fluid is assumed to enter the tubes from a com-
mon header and empty into a collection header, -

Intimately connected with the absorber-fluid heat transfer is the question of the tempera-
ture drop in the absorber due to the fact that the heat must flow laterally in the absorber
to the flow tubes. This temperature drop results in a higher absorber temperature than
that which would occur if the absorber were a perfect conductor or were very thick.
Since the collector cost depends on the type and amount of material used in the absorber,
an optimization problem exists, ’

Past investigators have treated the absorber-to-fluid tube conduction problem as that

of a fin exchanging heat with its surroundings through a heat transfer coefficient constant
over the fin surface. But since the largest heat flow quantity is the solar flux and since
this flux is uniform over the fin surface, it appears that it would be more proper to treat
the fin surface heat flow as uniform. The fin analysis lies between these two approaches,
considering the conduction, radiation, and natural convection loss terms to be propor-
tional to the temperature difference betweenthe absorber and its surroundings,

InEut/OutpuL

To be truly a useful analytical tool for the optimization of the collector, the input/output
routines must be written so as to reduce the labor and complications connected with the
input of the physical parameters and the interpretation of the results, Special attention
was given to this subject in the Honeywell program.,

" In its present form the input to the program is via punched cards. The card formats are

arranged so that logically related parameters, such as the thermal properties of the
absorber, are all on one card. The input information is re-arranged by the computer,
and it is output in a convenient format for future reference, Figure A2 is a sample out-~
put of the geometrical, physical, and environmental parameters of a typical case,
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Figure A2. Physical Data

The first output, after the listing of the input, is an analysis summary of the reflection,
~transmission,. and absorption of the solar energy.by the cover system (Figure A3 is.a SRR

sample output for a two-cover system). This analysis, which is normalized for a unity

input flux, needs to be made only once for any given cover/absorber combination. The

results for incidence angles from 0tn 30 degrees at 9-degree intervals are storcd in the

computer for future use, (A parabolic mterpolahon routine over the 9~degree incre-

ments provides more than sufficient accuracy for all incidence angles. )

Resultis are presented for both components of polarization and for the average. The out-
put includes the four important combmatmx;xs of direct or diffuse mc1dent flux with the
specular or diffuse absorber. -

The next output (Figure A4) lists the solar absorption of each physical element. The
absorption of the direct and diffuse components are listed separately. Any percentage

of incident diffuse flux may be input, -

The internodal conductances are output (Figure A5) at each tim&interval in order to
provide details on the thermal coupling of the various phyrical efements. The foliowing
output gives the corresponding internodal heat flows (Figure A6). This information
indicates the magnitude of the various heat flow mechanisms and their relative imporiznce,
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The temperatures of each element at each time interval as well as the rate of change of
temperatures (Figure A7) are also given in the output.

The final output is an energy balance summary (Figure A8). This is given on an instan-
taneous as well as 6n an accumulated basis so that current, accumulated, or average
results may be obtained. The energy terms are given by major physical component; e, g.
the net rate of energy absorption for the absorber is obtained by summing this parameter
for the individual nodal elements of the absorber. The capacitive heat storage is imme-
diately obtained from this summary for all major physical components., The parameter
of primary interest, efficiency, is also listed. Efficiency is defined as the rate of energy
abscrption by the fluid divided by the rate of solar energy incident on the collector.

To provide for the addition of new features and the modification or replacement of such
routines as those used to compute heat transfer coefficients, the program was written

in 2 modular fashion. The program consists of a main, executive routine plus 17 sub-
routines, und is written exclusively in Fortran so that implementation on any computer
may be economically effected,

SAMPLE CALCULATIONS

Performance of a flat plate collector exposed to winter and summer solar fluxes is pre-
sented in Figures AS and A10. The solar data -- sun position, direct normal flux, and
diffuse flux - were obtained {rum the ASHRAE Handbook of Fundamentals4 for 40 degrees
north lattitude, a representative latitude in the United States. From this datz the inci-
dent angle and total flux were computed and are plotted in Figures A1l and A12, Febru-
ary 21 was selected as representative of the available winier solar energy and July 21
was selected for the summer conditions. The collector tilt angle from the hn-izonial was
assumed to be equal to the latitude, 40 degrees, a compromise setting ier - - and
summer collection. The pertinent phvsical and eavironmen!  maranicters ed are
listed in Table Al. .

In each run the collector was assumed to be at ambi’ nt fci» nerztuce % sunrcive, The flow

of fluid through the collector was assumed to be zera unti. .he iempurature of the absw.rher

at the fluid inlet end was 5°C greater than the incoming luid {rom storage. The time at

which this occurs depends on the collector design. In this example it cceur: shortly after

9:00 AM for the winter run and about an hour earlier in the swnmer run. The fluid flow

was assumed to cease in the afternoon when the incoming fluid temperature +iropped below |

the collector temperature. This occurs a little after 3:00 PM in the winter and ahout .
4:30 PM in the summer,

Figure A9, winter perfo.>aance, indicates that the peak etficiency is 38 perced at noon.
This is a satisfactory value considering that the outside {er . perature assumed was 0°F,
""1e accumulatec efficiency (i.e., the efficiency up io any given timej iz 30 percent for
the day. WNote that the accumulated efficiency does not drop appreciably toward the end
of the day. This is d'e to the fact that the amount of sclar ~nergy fallihg on ae ecollector
from 2:00 PM until sunset is small compared to the accui:lation up ¢ 2:09 PM,

' 2
The rate of collection per square foot of collectar reactes a peak of 12° TTU/ »r-ft* at .
noon. The integration of this curve gives the daily collected energv, which is 505 BTU/ "

The summer collector performance, Figure A10, is scinewhat vetter than winter due to
the higher ambient temperature, assumed to be 90°F on days on wkich air conditioning is
necessary. The instantantous efficiency is 50 percent, and the 2aily efficiency is 41 per-
ccnt./ T2he peak collection rate at noon is 144 BTU/hr-ft2, anc the daily *otal i.. 647
BTU/fte.

4ASHRAE Handbook of Fundamentals, American Society of Heating, Eefrigerating
znd Air-Conditioning Engineers, 1972. .
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Length:
Width:
Area:

Cover (One)

Glass

Thickness:

Index of Refraction:
Extinction Coefficient:

Absorber

Material:
Thickness:
Tube Diameter: -

Insulation

Material:
Thickness:

Ambient Conditions

Temperature:

Pressure:

Mean Radiant Temperature
of Sky:

Wind Velocity:

Collection Fluid

Material:

Fiow Rate:

Table Al.Physical Conditions for Flat Plate Collector Calculations

4.0 ft
4.0 ft
16.0 ft

0.125 in.
1.526

0.2 in"1

Aluminum tube in sheet
0.060 in.
0.375 in., 12 tubes on 4-in. centers

Fiberglass
3.0 in.

-20°F to 60°F for heating;
90°F for cooling

1 ATM
Same as ambient temperature

7.5 mph in summer; 10.0 mph
1n winter .

Specially inhibited 50/50 ethylene
glycoland water

0.25 gpm
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APPL.NDIX B
FLOW DISTRIBUTION IN SOLAR COLLECTOR ARRAYS

A typical solar collector installation will consist of a large number of flat plate collector
modules assembled as an array on or in the structure roof. Collection fluid will be sup-
plied to the modules in some form of series-parallel network. The piping network must
be designed to provide the proper flow to each module. Also, within a module, the goal
is to provide uniform flow per unit area of the collector. Inthe usual case of uniformly
spaced tubes running from a supply header to a collection header as indicated on Figure
B1, it is desirable to provide, as nearly as possible, equal flow to each tube. This
latter problem, uniform flow within a module, is addressed in the following paragraplis.

Flow Analysis

The flow in a tube is determined by the difference in pressure betwees - ~ yply header
and the collection header at the tube ends. The header pressures win ~g their
length due to (1) wall friction losses and (2) momentum flux changes .*Ir's as
fluid is withdrawn or added. The pressure in the supply manifold w, 2 flow
direction due to wall shear stress but the drop will be reduced by pre... :. .wcovery at

each cross-tube due to extraction of fluid and subsequent loss of momentum ir. the supply
header flow. Inthe collection header the frictioral drop is reinforced by the accelera-
tion drop due to the increased momentum. Wie resulting pressure difference at the ends
of a tube will, therefore, vary from one tube to the next and the flow rate will vary from
tube to tubs,

Header Prcssure Drop Due to Wall Shear

Pressure drop in the flow in a header between adjacent fubes depends upon the flow rate
and the flow condition, e.g., laminar or turbulent, developing or fuily developed. Since
only a small percentage of the header flow is extiacted or added at each cross-tube, the
header flow is assumed to be fully developed at all locations. The flow is assumed io be
laminar for Reynolds numbers below 2000 and turbulent above 2000,

Cross-Tube Pressure Drop

The abov¥e discusuion applies equally well to the cross~tube pressure drop. However,
the flow in a cross-tube will almost always be in the laminar regime.

Pressure Changes due to Removal or Addition of Flow at Branches

Fluid is removed from the supply header and added to the collection heuder at each
cross~tube branch.

Taking into account the above factors, the flow distribution in the tubes is calculated.
This analysis has been programmed for solution on a digital computer with an on-line
plotter, - Results have been obtained for a row of ten collectors as indicated on Figure Bl.
This number of collectors was chosen as typical. A complete array wovid consist of
several rows. The present analysis is concerned with the distribution of flow in one row.
The pressure drop in the supply and collection headers in the collectors can be redi'ced
by providing a central supply manifold as indicated on Figure Bl with the flow passing
both ways to the outer edge of the array. This produces a significant improvement in

the flow uniformity between tubes.

The analysis has thus been carried out for a row of five collectors each having twelve
cross~-tubes for a total of 60 tubes as shown on Figure B1, The supply and collection -
headers are on 42-inch centers and the cross-tubes are 40 inches leng on 3. 552 inch
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centers. The headers are rectangular ducts with 1/2 inch by 2-inch inside dimensions.
The cross-tubes are also rectangular in section and will.have 0. 050 inch by 0. 500 inch
inside dimensions. These spacings and dimensions have been arrived at from the
results of the present analysis.

Figures B2 to B4 presunt the results of the flow distribution calculations for three
possible cross-tube dimensions, 0. 050 inch by 0. 500 inch, 0.100 inch by 0. 500 inch and
G. 200 inch by 0. 500 inch. The sensitivity of the flow distribution to the cross-tube
dimensions is immediately evident, Referring to Figure B2 for the 0. 050 inch by 0. 500
inch tube it is scen that the cross-tube pressure drop at a nominal flow of 10 lbm/hr is
about 2. 5 inches of water, This is a relatively large pressure difference compared to-
the header pressure variation and, consequently, the cruss-tube flow distribution is
quite uniform. '

As the cross-tube inner height is increased the associated pressure drop falls rapidly
and, as shown in Figure B3 for the 0. 100 inch by 0. 500 inch tubes, the header pressure
variation causes a significant non-uniformity in the flow distribution. The distribution
for the 0.200 inch by 0. 500 inch tubes, Figure B4, is badly out of balance.

Increasing the cross-sectional dimensions of the headers results in less header pressure
variation and more uniform flow. However, the mass of fluid and collector heat capa-
bility increase as the header dimensions are increased. For 0.5 inch by 2. 0 inch head-
ers and 0. 050 inch by 0. 500 inch cross-tubes the fluid heat capacity is about 25 percent
of the total collector heat capacity and 90 percent of the fluid is in the two headers.

It should be noted that if a non-uniform flow is present, the resulting variation in the
fluid temperature will produce a variation in the hydrostatic pressure distribution which
acts in a direction to reduce the non-uniformity. Since the hydrostatic pressuie of a
40-inch column of a 50 percent mixture of ethylene glycol and water decreases 0,018
inches of water per °F, the temperature variation will produce a significant improve-
ment in the flow dist-ibution for the 0. 200 inch by 0. 500 inch tubes, but very little
improvement for the thinner tubes.

41434 69
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FLOW RATE PER TUBE, LBM/HR
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APPENDIX C
COATINGS, COVERS AND INSULATION

Since this program was conducted in a very short time, the choice of material was influ-
enced greatly by what was currently available. For instance, sheet steel was selected
for the module housing because it was abundant and there were local fabricators in the
area. Fiberglass insulating material, glass, and tedlar were also readily available
locally or from out-state distributors.

This appendix describes the tradeoff analyses accomplished in selecting the collector
module components for the school. ‘

ABSORBER COATINGS ‘ .

The absorbing coating for a flat plate collector may be either selective or non-selective,
Collector performance would be about the same with either type coating at low tempera-
tures, but the nonselective coating may offer cost and possibly durability advantages. If
the collector application is for heating and cooling, then a selective coating would be
preferable. Increased collector performance will more than offset the higher cost of
high-performance selective coatings.

For a heating and and cooling system the primary requirements for the absorber cecating
‘are high optical efficiency (high solar absorptance, @, and low infrared emittance, €),
low cost, and satisfactory environmental durability. A list of some properties of coat-
ing-substrate systems for flat plate collectors is shown in Table C1. Among the coatings
shown, Honeywell has experience with the three with highest optical efficiency: black
nickel (Ni-Zn-S), black chrome (CrOy), and CuO. These coatings are discussed below
followed by a discussion of possible substrates. -

Table C1. Performance Values for Some Solar iAbsorber Coatings

Coating Substrate | « e(at TOC), T}z’frz}zezr(':;xnre Relt\'lir:ence
Ni-Zn-S Ni 0.96 | 0.07 (100) 280 Honeywell
CrO, Ni 0.96 | 0,12 (100) 450 Honeywell
Fer Fe  ]10.85 |0.10(40) ? 1
CuO Cu 0.90 | 0.14 (20) 200 2
Cuo Al 0.93 | 0.11 (80) 200 3.
PbS/Silicone - 0.94 0.4 (2 >350 4,8
Paint

Black Nickel
Black nickel is a nickel-zinc~sulfur complex which can be applied to many substrates by
an clectroplating process. This coating achieves high solar absorption through the com-:

bined effects of interfererce and absorption and is transparent in the infrared (2-20 pm)
so that a low emittance metal substrate will show through in that region. ‘
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Honeywell's preliminary durability tests on black nickel indicated it could withstand one

Q

week in air at approximately 550°F. ~1/3 sun years of ultra violet, and the equivalent of
40 years of thermal cycles from room tempcrature to ~220°F. Therefore, a program to
improve the optical efficiency of the coating was initiated in which the effects of bath
composition, temperature, and pH and plating current densities and times were evaluated.
It was found that the composition could be altered so that the maximum effect of a natural
absorption of the coating in the solar wavelengths and an optical interference effect could
be obtained. These studies enabled us to improve the coating absorption from ~ 86 per-
cent (typical of industrial plating job shops) up to ~96 percent while achieving an emit-
tance of 7 percent at 200°F, The spectral reflectance of such a coating is shown in

Figure C1.

Honeywcll's investigation of black nickel coatings included process scale-up to 3 x 4 foot
panels, cvaluation of long-term bath degradation; and optical reproducibility. The scale-
up was successful except for a tendency for color fringes to form near the edges of large
panels duc to optical interference effects, This problem does not significantly affect
performance and can be minimized with careful placement of the panel and anodes during
the electroplating. The bath itself was found to be remarkably stable over 5 months of
use during which ~150 panels were plated. Under constant use it was necessary only to
adjust pH every other day and maintain a critical thiccyanate jon concentration every
week or two.

All panels that were measured (~15) had 2 94 percent solar absorptance with emittance
less than 10 percent at 200°1I-.

There have, however, been variations in panel resistance to the combined effect of
thermal and humidity cycling. A test we have regularly used follows the procedure of
MIL-STD-810B, Method 507, Procedure I. This test consists of a thermal and humidity
eycle, from room: temperature to 71°C {160°F) at 95 percent RH and from 71°C to room
temperature at >85 percent RIl, over a 24-hour period. This is a very severe, accel-
erated environmental test. The test conditions imposec a vapor pressure on the panels
which constitutes the major force behind moisture migration and penetration., Some
conated panels have survived over one week under this test, while others have com-
pletely corrodud after one day. Some coating parameters which may be important to
humidity resistance include: .

e Low thiocyanate concentration
"Old" (oxidized) bright Ni substrates
o Pitted Ni substrate (galvanic cell problems)

There may, however, be other parameters not yet identified.

A possible solution to the humidity-induced corrosion problem might be the use of
humidity-resistant, silicone-based coatings which can be applied over the solar ab-
sorber coating. These coatings have high-temperature stability, do not greatly increase
the overall emittance values, and in most cases increase the solar absorptivity due to
their low refractive index. These coatings provide a degree of corrosion protection,

but it is now known if they lead to a significant long-term improvement.

Black Chrome

Black chrome is a commercial electroplated chrome oxide coating with diffuse reflec-
tance properties. Manufacturer data indicates that the coating remains black to tem-
peratures of 900°F in air, Significantly, a Honeywell black chrome coating showed no
change in optical properties after one¢ week in the MIL-STD~810B humidity test. No UV,
thermal cycle, or other durability tests have been performed at Honeywell.

We have briefly studied the effects of current density, bath temperature, and plating

times on the optical performance of black chrome, Our best black chrome coating had
an « of 96 percent with € (200°F) of 12 percent (on Ni substrate).
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Copper Oxide

Our experience with CuO coatings is rather limited since the performance achieved in.

" early studies could not greatly improve upon literature values of @ = 0.90 and € = 0.20.

More work with this chemical-dip type coating is justified, however, due to its relatively
low cost. ‘

Substrates

The primary optical requirement of the substrate* is to provide a surface with low in-
frared emittance, The material also must not easily corrode since the thin black
absorber coating provides little protection. ‘ ‘

Aluminum, zinc {(galvanized steel), and copper provide substrates somewhat stable to

' corrosion when oxidized but have fairly high emittance under those conditions (greater
than 10 percent). Nickel has often been used since it forms a stable coating for several
metals and results in a low emittance (~0. 07} substrate.

Honeywell experience has been primarily with Ni coated steel substrates. Steel was
selected because of its low cost, high strength, ease of fabrication, and compatibility
with electroplated Ni. The requirements for the Ni layer are quite severe, since any.
pores or pin-holes through the Ni will quickly lead to corrosion of the steel (due to
galvanic coupling) and subsequent failure of the panel circulation system. A straight-
forward solution to the problem, i.e., using very thick Ni layers (greater than 2 mil),
leads to cost penalties (8¢/mil ft2 for Ni alone).

Since the greatest amount of experience had been obtained in the use of a black nickel
coating over a bright nickel substrate it was decided to use this process as a selective
coating. In addition it was anticipated that solar cooling experiments requiring higher
collector temperatures would require a selective coating on the collectors.

TRANSPARENT COVERS

~Solar collector cover design starts with two basic questions: (1) what cover material
to use and (2) how many covers to'use. Since material choice is somewhat dependent on
cover configuration, the actual number of covers should be considered first.

Recent testing on a selective black nickel collector module with one or two glass covers
has produced data which relates collector efficiency with one or two glass covers as a
function of input conditions, i.e., average fluid temperature and incident flux level.

This data has been graphed and is shown in Figure C2.

As can be seen from the graph, better collector efficiency can be achieved by using two
glass covers for applications requiring a high fluid temperature, such as cooling. For
heating applications, i.e., those only requiring fluid temperatures around 140°F, the

~ choiceis, at best, marginal. However, if the same collector is to be used year around,
then the two-cover configuration is preferable.

#Substrate here refers to the surface on which the absorber coating is deposited.
It can be the same as the bulk substrate material or it can be a thin layer of
'material plated onto the bulk substrate. : ’
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The choice of materials is constrained by several factors: transmission factor, resis-
tance to UV degradation, mechanicil strength, weight, and cost. Judicious use of mate-
rials in a two-cover system can, however, adequately overcome many of the constraints,
Materials presently being used include; glass, tempered and antireflection coated; poly-
vinyl fluoride such as.Tedlar; polycarbonates such as Lexan; and polyesters such as .
Mylar. Most other plastics tend to degrade with exposure to"UV, and when UV inhibiters
are used, the transmission is degraded. Also, most plastics are expensive relative to
glass except in very thin sheets. Lexan is highly shatter-resistant and has fairly good
transmission, in the range of 84. 5 to 88 percent. Tedlar is of more interest in that it
weathers well, has a transmission greater than 90 percent, and is projected to have a
low price in large quantities. Its major disadvantage is the need for a supplementary
Support system to form a mechanically sound external cover as it fails in fatigue, This
increases cost and reduces the effective transmission value,

A glass cover achieves good transmission, generally in the range 85 to 88 percent, and
in the case of thin low iron glass as high as 91 percent, is self-supporting, weathers
well, and is moderately priced. It has two primary disadvantages: itis heavy and tends
to shatter under the force of a well-aimed projectile. Shatter-resistance can be im-
proved by using tempered glass, but this again increases cost. Another refinement

reflections. Glass subj ected to the etching process can produce a transmission factor
of 87 percent, but surface etching increases the collector cost.

A reasonable compromise of constraints can be achieved by combining a glas‘s outer
cover and a Tedlar inner cover. . This combination significantly reduces the weight of
the cover system while maintaining mechanical integrity. ‘

In anticipation of favorable performance results; an estimate of the cost of this cover
combination has been assembled, In production quantities of 100, 000 ft2/year, a cover
system consisting of a double-strength, tempered glass outer cover and a Teadlar inner
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cover is estimated to cost $1. 01/ft2. This includes appropriate brackets and suppor;fs to
fasten the covers to the collector housing.

" HOUSING s

The imitial design consideration for a choice of solar collector housing is, in fact,
whether or not to have a housing for each collector. The two candidate approaches are
(1)to create collector modules, each containing one or more absorber panels, each ‘
module completely enclosed by a housing and cover, with discrete inlet and outlet
plumbing either internal or external to the box; and (2) to create a collector array,
composed of a large backing plate covered with insulation, all the absorber panels
mounted on the plate and insulation and plumbed together, a frame enclosing the edges
of the backing plate and supporting a cover system that covers the entire collector

array.

- Both candidate approaches have distinct advantages yet both also have drawbacks

significant enough to warrant a detailed examination of their impact on each specific col-
lector application and its installation requirements. ' .

Recently, an experiment was perfornied to isolate heat loss components on the solar
collector designed for their use, a 4 x 4 ft aluminum absorber enclosed in a sheet metal
housing and two glass covers. By iterating the housing design and measuring the resul-
tant heat loss, the more significant heat loss factors were readily determined, Heat
loss through the sides of the housing was shown to be a major factor in poor collector
performance. This loss component may be limited by reducing the heat path from the
absorber to the housing, i.e., increase the insulation thickness, eliminate mechanical

. absorber supports. that connect to the housing, or move the sides of the housing away

from the absorber panel.

Reflecting this experience back to the two candidate housing approaches, the collector
array appears to have an inherent advantage in large collector installations since only.
the outside rows of the array have housing edges in close proximity, so edge loss should
be reduced. Of course if the collector module approach is used, edge losses can also
be reduced by designing the housing sufficiently lavger than the enclosed absorber panel

- to accommodate several inches of insulation,

Apart from heat loss, the other major concern for evaluation of the candidate approaches
is installation and maintainability once installed. The collector array lends itself
readily to integration into the roofline of buildings, perhazps using the existing roof as

a backing plate and thus reduces to merely constructing a frame to support the cover
system. A modular collector installtion, however, would probably use a separate sup-
porting framework. This makes it well suited for ground installations and bailding
installations where it is either not feasible or simply undesirable to utilize an existing
roof, ‘ .

Actual installation and subsequent collector maintenance is where the collector module
approach shows a significantadvantage. The cellector array must be mounted from
above, necessitating cranes or scaffolding; maintenance to the installed system must
also be accomplished from above, unless parts are made in the backing plate, -and that
severely challenges the weatherproof integrity of the roof. Furthermore, if the cover
sections are reasonably large, a disproportionate amount of effort must be expended to
uncover and reach minor repair items, such as a leaking connection. '

#Based on June 1974 material and labor costs.
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_ The back surface of the collector absorber plate will be thermally insulated to minirmize .. - ...

The module approach, when mounted on a. supporting frame, enables easy manual instal-
lation on top of the building, but more important, maintenance is readily accomplished
by either disconnecting and bypassing a particular module or by working through access
ports in the back of the housing. Here, of course, the actual building roof is not affected
by collector maintenance requirements, Since it is quite reasonable to expect fairly
extensive system maintenance problems on new technology installations, such as solar
collection systems, ease of installation and maintainability should be a significant con~
sideration in choosing housing design,

Regardless of which housing system is chosen, the materials problem remains the same,
The Housing must be physically sound, durable, weather-tight, relatively light, non-
flammable, and aesthetically appealing(or at least neutral), and reasonably priced,
Investigations of alternate materials have failed to indicate a plastic of reasonable cost
that has sufficient durability and is not a fire~-hazard; however, further investigations
must be performed before eliminating plastics. Wood or wood composites have also been
considered. Whilé appearing to have sufficient strength, heat resistance, and marginal 7.
durability, wood housings have been at least temporarily discarded as not being cost
effective, particularly in large production quantities, At present the most likely candi-
date housing material is sheet steel. It possesses the necessary strength, durability
(particularly when galvanized), work-ability, and is cheaper than other potential metals.
Its primary disadvantage is weight. Overall, however, mild steel appears, at present,

to have the most potential as the best housing material, although the introduction of
formable wood composites, such as Blandex, will require further investigation,

To provide a baseline for cost analysis of potential housing designs, an estimate has
been assembled for the cost of producing sheet metal housings for a modular collector,
If produced in quantities of 100, 000 ft2/year, it is estimated that housings could be
produced at a cost* of $0, 69/ft2,

Alternate designs are certainly feasible but will require further investigations to deter~
mine if they can be euqally cost effective,

INSULATION

the amount of heat lost to the collector housing, Inthe construction industry, many in~
sulation materials are available that could be utilized in the collector assembly for
reducing heat losses, A list of a few thermal insulations is presented in Table C2,
The federal specification numbers are included for reference.

In additien to reducing the heat loss during normal operation, the insulation must be
selectcd or designed to withstand the high temperature which will occur under conditions
of uo heat removal (e, g., no flow of the heat transfer fluid). The absorber plates of
well designed collectors can reach temperature in excess of 400°% for a condition of no
heat removal. This high temperature imposes severe restrictions on the use of plastics
and foam insulations. For example, the maximum temperatures allowed for urethane ‘
and polystyrene listed in Table C2 are 225°F and 165°F, respectively,

The angle of the collector assembly dictates that the insulation used should not settle
or compact near the bottom, which is the case with loose or poured insulations.  The
settling of the insulation would decrease the efficiency of the collector by increasing
the heat loss from the abSorber plates. A loose insulation would also not be desirable
during repair or maintenance operations,

+*Based on June 1974 labor and material costs.
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Table C2. Thermal Insulations
1. Thermal insulation blanket (cellulose) HH-I-515B
2. Thermal insulation blanket (mineral fiber) HH-I-521E
3. Thermal insulation board (polystyrene) - HH-I1-524B -
4. Thermal insulation board (mineral fiber) HH-I-526C
5. Thermal insulation board (urethane) HH-I-00530
6. Thermal insulation board (urethane) HH-1-530A
7. Thermal insulation board LLL-I-535
8. Thermal insulation board LLL-I-535a
9. Thermal insulation board (cellular glass) HH-I-551D
10. Thermal insulation black (asbestos) HH-I-561a
11. Thermal insulation (perlite) HH-I-574a
12. Thermal iusulation (vermiculite) HH-I-00585a
13. Thermal insulation (vermiculite) HH-~I~585B
14. Thermal insulation (mineral fiber) HH-I-10304
15. Thermal insulation (aluminum foil) HH-1-1252A

The lowest cost insulation available today is flberglass which is produced in a variety
of densities (affecting thermal conductance) and a variety of binder conditions depending
on the application, Manufacturers of regular building fiberglass insulation with a"bake-
lite binder specify an upper use temperature of 350°F, When first heated above 350°F,
the binder burns, giving off odor and fumes. If the fumes encountered in this burning
.of the binder are not oLjectionable, the material can be used to 700°F. The insulating
value is not degraded at the higher temperatures prov1ded the material does not become
compressed.

Fiberglass insulation with little or no binder is made spemhcally for higher temperature
applications. Usually there is a small amount of binder which 1s allowed to burn off ‘

durmg the first heating of the insulated device,

The binder residue could collect on the collector covers which would degrade the col-
lector performance, To alleviate this possible problem area, a design consisting of
two types of insulation could be used. Immediately behind the absorber plate a high
temperature, thin sheet of insulation would be used. 'An additional layer of low cost
.insulation would complete the design to give the desired thermal resistance to heat flow.
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APPENDIX D

CALCULATIONS OF ENERGY, EFFICIENCY
AND SYSTEM PERFORMANCE PARAMETERS

MODE 1, COLLECTOR TO FRESH AIR HEATER

Solar Flux (Leeds and Northrop Integrator)

e Instantaneous Flux = I (Btu/Hr- Ft2)
Full Scale = 100 divisions = 2 ca.l/cm2 - min = 442 Bi:u/Hr-Ft2
1 = Number of divisions x 4,42 Btu/Hr-Ft>

P e Integrated Flux = f(Btu/Hrath)

¢ = Number of Traverses/Hour x Conversion Factor 7,367 Btu /Hr-Ft2
Solar Energy Input
.. Qincident = & x Net Collector Area A(th) Btu/Hr
Useful Solar Energy Collected
Q collected = Fluid Flow Rate G (gpm) x 60 Min/Hr x
e Fluid Density p (Ibs/gallon) x
° Specific Heat of Fluid Cp (Btu/lb°F) x
Temperature rise across the Collector ,
System Efficiency ~- '
%
n = Q Collected/Q Incident ' T
Fresh Air Coil -- Heat lost by fluid:
Q g = Fluid Flow Rate G (gpm) x 60 Min/Hr x
Fluid Density p(lbs/gallon) x
Y Specific Heat of Fluii Cp (Btu/Ib°F).
e Temperature difference (T8 - T9) °F Btu/Hr
Heat gained by Air
Qg p = Air Flow Rate Ft°/Min x 60 Min/Hr
e Air Density Pa (Lbs/Ft3) X
Specific Heat of Air Cp a (Btu/1b°F)
e Temperature difference (T4 = T3)°F Btu/Hr
‘ s . o 460
Note air density p_'= 0.0865x Barometric pressure in Hg - T 7T 1 460
a 29. 92 3" "4
‘ 2
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. MODE 2. STORAGE TO FRESH AIR HEATER COIL
}".;.»Fresh Air‘Coil equationé - ‘same as Mode 1.
'Heat extracted from storage tank:

Fluid Flow rate G (gpm) x 60 Mm/Hr

QS, E.
e Fluid den51ty p (Ibs/gallon) ‘
e Fluid specific heat Cp \Btu/1b°F)
'e  Temperature difference (Tyo - Tyg) °F Btu/Hr

"MODE 3. COLLECTOR TO REHEAT COIL
Heat lost by f1u1d ‘ , o :
Fluid Flow rate G (gpm) x 60 Min/Hr ' -

QL, F
| e Fluid density P (Ibs/gallon)
e Fluid specific heat Cp (Btu/Ib°F)
e Temperature difference (T,7 - T8) °F

' Heat gained by air

“Qc‘;,A

.Air Flow rate Fts/Min x 60 Min/Hr

e Airdensity p, (Ibs/Ft%)
e  Specific heat of air. Cp o Btu/Ib°F
e Temperature rise (T5 - T4) °F Btu/Hr .

‘Al equations same as Mode 2 except fresh air heating coil is replaced with reheat coil.

' 'MODE 5. WATER HEATING FROM COLLECTOR

-Solar collector perfor_ma.nce same as Mode L.

Water Heater Performance

' Heat lost by fluid:

QL F Fluid Flow rate G (gpm) x 60 Min/Hr

‘e Fluid dens1ty p (lbs/gallon)
e  Fluid specific heat Cp (Btu/1b°F)
e 'I"emperature difference (T15 T16) °F ' Btu/Hr

;-Heat gained by water:

Qg ‘W = Water flow rate G (gpm) x 60 Mm/Hr



e Water density p (lrbs/galldrvx)‘ ‘
e Water specific heat Cp (Btu/1b°F)
e Temperature difference (T4~ T,g) °F Btu/Hr

MODE 6. WATER HEATING FROM STORAGE

Same as Mode 2. Water heater performance defined in Mode 5.

MODE 7. STORAGE TANK CHARGING FROM COLLECTOR

Solar Radiation
Same as Mode 1.

Solar Collector Performance
Solar Tank Capacity:
Q

storage= Total fluid volume V gallons

Fluid density p (lbs/gallon) x
e  Fluid specific heat Cp(Btu/1b°F) x
e Average temperature rise °F

T, +T, +T \ T, 4T, +T :
107 11 12/ - 7107 T11 " 12 °F Btu/Hr .
3 final 3 - initial
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